Primitive cells capable of generating small resistance arterioles and capillary structures in the injured myocardium have been identified repeatedly. However, these cells do not form large conductive coronary arteries that would have important implications in the management of the ischemic heart. In the current study, we determined whether the human heart possesses a class of progenitor cells that regulates the growth of endothelial cells (ECs) and smooth muscle cells (SMCs) and vasculogenesis. The expression of vascular endothelial growth-factor receptor 2 (KDR) was used, together with the stem cell antigen c-kit, to isolate and expand a resident coronary vascular progenitor cell (VPC) from human myocardial samples. Structurally, vascular niches composed of c-kit-KDR-positive VPCs were identified within the walls of coronary vessels. The VPCs were connected by gap junctions to ECs, SMCs, and fibroblasts that operate as supporting cells. In vitro, VPCs were self-renewing and clonogenic and differentiated predominantly into ECs and SMCs and partly into cardiomyocytes. To establish the functional import of VPCs, a critical stenosis was created in immunosuppressed dogs, and tagged human VPCs were injected in proximity to the constricted artery. One month later, there was an increase in coronary blood flow (CBF) distal to the stenotic artery, resulting in functional improvement of the ischemic myocardium. Regenerated large, intermediate, and small human coronary arteries and capillaries were found. In conclusion, the human heart contains a pool of VPCs that can be implemented clinically to form functionally competent coronary vessels and improve CBF in patients with ischemic cardiomyopathy.
T he etiology of ischemic myocardial injury is represented by lesions of the major epicardial coronary arteries that restrict blood flow to the distal myocardium, leading to infarction and scar formation. Successful intervention would require restoration of the integrity or replacement of the damaged coronary arteries to interfere with the etiology of the disease and the development of the myopathy (1) . This possibility would change dramatically the goal of cell therapy for the ischemic heart; prevention of myocardial injury would become the end point of cell therapy rather than the partial repair of established damage.
Vascular progenitor cells (VPCs) are located in the proepicardium from where they migrate into the myocardium and differentiate into endothelial cells (ECs) and smooth muscle cells (SMCs) organized in coronary vessels. Myocyte progenitor cells (MPCs) distributed in the cardiac crescent and pharyngeal mesoderm differentiate and progressively constitute together with the coronary vessels the four-chambered heart (2) . Here, we report that the human heart contains two progenitor cell (PC) classes with inherent characteristics that determine their distinct cardiogenic fates. The recognition that VPCs form conductive coronary arteries and that MPCs form cardiomyocytes supports the notion that these cells may be implemented clinically according to the need of the organ and uniqueness of the cardiac lesion.
Results

Vascular and Myocardial Niches.
If the human heart harbors phenotypically distinct PC classes, then VPCs and MPCs would be expected to be nested in different anatomical locations and regulated by separate supporting cells (3) . We have found vascular niches throughout the coronary circulation and myocardial niches in the muscle compartment of the organ. Vascular niches, composed of clusters of cells expressing c-kit, were identified in epicardial coronary arteries, arterioles, and capillaries ( Fig. 1A and Fig.  S1 A-C in SI Appendix). These cells were positive for KDR, which is the earliest marker of angioblast precursors and is present in primitive cells with significant potential for vascular growth (4) . The lack of CD45 and tryptase excluded the contribution of mast cells to this cell pool. The c-kit-KDR-positive cells were located in the intima, media, and adventitia, and connexin 43 and N-cadherin were detected at the interface with ECs, SMCs, and fibroblasts, suggesting that these cells may function as supporting cells. We have considered the presence of KDR together with c-kit to be a good predictor of VPCs. Similarly, the myocardial interstitium contained niches in which c-kit-positive KDR-negative cells were connected by junctional proteins to the supporting cells (5), myocytes and fibroblasts ( Fig. S1D in SI Appendix). We have assumed the expression of c-kit in the absence of KDR to be indicative of MPCs.
Human VPCs and MPCs. VPCs and MPCs at P2-P3 were characterized by FACS. VPCs were negative for hematopoietic markers and ␣-sarcomeric-actin (␣-SA), and showed low levels of the EC adhesion protein CD31 and the SMC marker TGF-␤1 receptor (Fig. 1B ). MPCs were negative for markers of hematopoietic, EC, and SMC lineages; ␣-SA was present in a small fraction of cells (Fig.  1B) . For clonal analysis, VPCs and MPCs were plated in single wells, and multicellular clones were obtained; clones derived from VPCs consisted of cells positive for c-kit and KDR, and clones formed from MPCs contained cells positive for c-kit and negative for KDR (Fig. 1C) . Clonogenic VPCs exposed to differentiating medium lost largely c-kit and KDR and expressed transcription factors and cytoplasmic and membrane proteins specific to ECs, Ets1, CD31, and vWf, and SMCs, GATA6 TGF-␤1 receptor and ␣-SMA. Small fractions of cells expressed the myocyte transcription factor MEF2C and the sarcomeric protein ␣-SA. Differentiating clonogenic MPCs became predominantly c-kit-negative and expressed Nkx2.5, MEF2C, connexin 43, ␣-cardiac-actinin, and ␣-SA. Some cells were positive for Ets1, GATA6, vWf, and ␣-SMA ( Collectively, VPCs formed 4.9-fold more SMCs and 5.7-fold more ECs than MPCs, and MPCs formed 6.3-fold more myocytes than VPCs ( Fig. 2A) .
Division of VPCs and MPCs and Supporting Cells. Stem cells divide symmetrically and asymmetrically, and these growth patterns are controlled, respectively, by uniform and nonuniform distribution of the cell fate determinants Numb and ␣-adaptin (3). VPCs and MPCs were cultured, and the partitioning of ␣-adaptin was established. GATA6, Ets1, and GATA4 were used as markers of cell commitment. Both VPCs and MPCs divided symmetrically and asymmetrically ( Fig. 2 B-H) . Asymmetric division of VPCs gave rise to one daughter cell that expressed Ets1 or GATA6, whereas the other failed to show either transcription factor. A comparable behavior was observed with MPCs.
A functional assay was performed to define the role of connexins in the formation of gap junctions between VPCs or MPCs, on the one hand, and ECs, SMCs, fibroblasts, and cardiomyocytes, on the other (Figs. S3-S5 in SI Appendix). We established that the human coronary circulation contains vascular niches where VPCs are nested together with ECs, SMCs, and adventitial fibroblasts that function as supporting cells. Conversely, the myocardium possesses stem cell niches in which MPCs are clustered together with interstitial fibroblasts and myocytes that operate as supporting cells.
Transcriptional Profile. To establish whether VPCs and MPCs represent two distinct categories of progenitors rather than a common pool of primitive cells at different stages of commitment, the identity of these PC classes was defined by analyzing their transcriptional profile. We have used quantitative RT-PCR and examined a set of genes involved in self-renewal, multipotentiality, and lineage specification (Fig. S6 in SI Appendix). Several stemnessrelated genes were expressed in VPCs and MPCs. Among the self-renewal genes (5, 6), FGF4, telomerase, Myst1 and Myst2, and Sox1 were represented equally in VPCs and MPCs. However, GDF3 was 3.5-fold higher in MPCs than in VPCs (Fig. 3) . GDF3 is part of a group of genes that flank Nanog, forming a chromatin loop of regulatory elements. The integrity of this region of the genome is maintained by Oct4 and is essential for the preservation of self-renewal in embryonic stem cells (7) . Genes that modulate asymmetric division (3) Numb, Pard6A, and Prox1 were uniformly present, ensuring the ability of VPCs and MPCs to self-renew, and create adequate progeny. Multiple cell cycle regulators, including cyclins D1, D2, A2, and cdc2 and cdc42 showed comparable levels of transcripts in VPCs and MPCs. These data indicate that both cell categories possessed high intrinsic self-renewal ability and growth reserve typical of PCs (Fig. 3 ).
VPCs and MPCs showed nearly identical levels of Sox2, c-Myc, Klf4, and Oct4 ( Fig. 3 ), which are the four genes that promote reprogramming of fibroblasts into inducible pluripotent stem cells (8) . This finding suggests that VPCs and MPCs are multipotent cells characterized by a significant degree of plasticity. However, vascular-restricted genes and myocyte-specific genes appeared to be poised for expression in VPCs and MPCs, respectively. The mRNA quantities of the EC transcription factor Vezf1, vascular adhesion protein VCAM1, and the EC markers eNOS, vWf, and multimerin were higher in VPCs than those in MPCs. Similarly, transcripts for GATA6 and contractile proteins ␣-SMA, SM22␣, and smoothelin were more expressed in VPCs than in MPCs. Conversely, MPCs showed increased transcripts for Nkx2.5, ␤-myosin heavy chain, and myosin heavy chain 7b (Fig. S7 in SI Appendix). Although these differences in gene expression did not reach statistical significance due to the undifferentiated state of the cells under our culture conditions, VPCs and MPCs manifested a preferential lineage potential; specific cell phenotypes became apparent when commitment was induced ( Fig. 2 A and Fig. S2 in SI Appendix). Among the transcripts of the Notch pathway, the Delta-like 3 ligand and the downstream regulator DTX1 were 2-and 3.5-fold more abundant in MPCs than VPCs, respectively (Fig. 3) . Importantly, the Notch1 receptor is a critical determinant of the transition of MPCs to amplifying myocytes (9) . The endodermal transcription factor Pdx1 was Ϸ4-fold higher in MPCs than in VPCs. Although its role in MPCs remains to be determined, Pdx1 is located upstream of several members of the Nkx family. Two genes relevant to vascular cell turnover and repair, PPAR-␥ and Klf5, were up-regulated, respectively, 10-and 2-fold in VPCs. PPAR-␥ is present in ECs and SMCs and is implicated in vessel homeostasis, whereas Klf5 is expressed abundantly in vascular structures during development and in response to injury (10) . These findings at the transcriptional level, together with the data at the protein level at baseline (Fig. 1B) and after differentiation ( Fig. 2 A and Fig. S2 in SI Appendix), are consistent with the notion that VPCs and MPCs are separate classes of PCs with distinct biological properties and specific independent functions.
Conductive Coronary Arteries. Human MPCs can generate a large number of myocytes in the infarcted heart of immunodeficient mice or immunosuppressed rats (11) . MPCs also form a small number of resistance coronary arterioles and capillaries, which is consistent with the multipotentiality of this PC class in vitro. The question was then whether human VPCs are able to create epicardial coronary arteries in dogs with defects in coronary perfusion. A critical coronary stenosis was induced in the left anterior descending coronary artery (LAD) of immunosuppressed dogs. Subsequently, human VPCs, infected with EGFP, were injected above, lateral to, and below the site of constriction (Fig. S8 in SI Appendix) . Dogs with critical stenosis were selected because this model mimics the development of ischemic cardiomyopathy in humans. Additionally, dogs with critical stenosis cannot increase significantly coronary blood flow (CBF) at rest or after stressful conditions. The generation of collaterals never results in the restoration of CBF in the presence of an occluded major coronary artery (12) . At 10 days after cell implantation, there were no changes in mean and phasic CBF, and the absence of reactive hyperemia was comparable to baseline (Fig. 4A) . However, at 30 days, a slow return of CBF was detected after release of the transiently occluded LAD (Fig. 4B) , suggesting the formation of coronary vessels in the presence of critical stenosis (n ϭ 9). These changes in CBF were not dictated by perfusion of the occluded LAD but by the vessels generated around the affected artery. Histologically, large developing coronary arteries of human origin were found in proximity to the stenotic vessels (Fig. 4 C and D and Fig. S9 in SI Appendix) . The SMCs and ECs within the vessel wall were all positive for EGFP, and the human origin of these cells was confirmed by the detection of human DNA sequences with an Alu probe.
At times, during coronary catheterization, the circumflex coronary artery (CX) and the stenotic LAD were seen clearly. After LAD occlusion, the CX remained visible, and the distal portion of the LAD was no longer apparent (Fig. 4E) . However, left ventricular pressure, dP/dt, and segment length function in the ischemic and nonischemic regions of the wall did not change (Fig. 4F) , suggesting that CBF was not compromised further by LAD occlusion. Gold-labeled microspheres then were injected with the LAD open to establish baseline CBF, whereas lutetium-labeled micro- spheres were administered during LAD occlusion. Sections were collected from the region proximal to the region distal to the occlusion to evaluate the distribution of CBF, whereas every other section was used for histology ( Fig. S10 in SI Appendix) .
In each section, CBF at baseline was Ϸ1 mL/min/g. With LAD occlusion, CBF increased to Ϸ2 mL/min/g (Fig. 5A) . Thus, CBF increased nearly 2-fold in the fully dilated coronary circulation distal to the stenotic vessel (n ϭ 8). Histologically, large and intermediate newly formed coronary arteries together with resistance arterioles and capillary structures were identified (Fig. 5B and Figs. S11 and S12 in SI Appendix). Together, these observations strongly suggest that the regenerated large conductive coronary arteries were connected with the LAD above the site of constriction, as previously demonstrated in the rat model of coronary occlusion (13) , creating a biological bypass. Although hearts were fixed by perfusion, residual red blood cells were detected in the various vessel categories, documenting their functional competence and integration with the primary coronary circulation (Fig. S12 in  SI Appendix) . Human ECs and SMCs in the vessel wall had 2n DNA content and possessed at most one human X-chromosome and never dog X-chromosome (Fig. S13 in SI Appendix) , excluding fusion events. Vasculogenesis involved all components of the coronary circulation from vessels Ͻ100 m to 1.5 mm in diameter (Fig. 5C ), pointing to vessel regeneration as the mechanism of enhanced CBF and tissue oxygenation in the potentially ischemic myocardium. The increase in CBF is proportional to the fourth power of the increase in the aggregate diameter of the coronary circulation CBF may be doubled by a 16% increase in the number of vessels. The improvement in CBF was coupled with increased segment length function in the ischemic myocardium (Fig. 5D) . A thin layer of human cardiomyocytes was detected in the epicardial surface ( Fig. S14 in SI Appendix) .
Discussion
The results of the current study indicate that the human heart possesses two classes of PCs that have powerful but distinct vasculogenic and myogenic properties. The VPCs are nested in vascular niches distributed throughout the coronary circulation, and MPCs are clustered in stem cell niches located in the myocardial interstitium. The ECs, SMCs, and adventitial fibroblasts are responsible for the anchorage of VPCs to the niche structure, whereas myocytes and fibroblasts function as supporting cells for MPCs in myocardial niches. The VPCs differentiate predominantly into ECs and SMCs, and MPCs acquire prevalently the cardiomyocyte phenotype. Potentially, the human heart has the inherent ability to restore the various segments of the coronary circulation by activation and commitment of VPCs together with the opportunity to regenerate losses of muscle mass by growth and differentiation of MPCs. Various proportions of VPCs and MPCs may be used according to the needs of the organ and the type of the cardiac lesion.
Analysis of the transcriptome allows the recognition of genes expressed differentially in stem cell classes and helps to identify divergent patterns and functional background. Transcriptional profiling was used here to define the molecular signatures of VPCs and MPCs. The self-renewal property of stem cells is regulated by a multitude of genes, including FGF4 and telomerase (5, 6) . TERT and FGF4 did not differ in VPCs and MPCs, but whether this molecular characteristic is sufficient to control the kinetics of these PC classes, favoring in both cases the generation of daughter stem cells could not be established. Sox2, c-Myc, Klf4, and Oct4 reprogram the growth and differentiation behavior of adult somatic cells and govern the proliferation and pluripotency of embryonic stem cells (7, 8) . Their expression was comparable in VPCs and MPCs, suggesting that cardiac PCs possess similar levels of plasticity and that stemness and multipotentiality may be regulated by the same group of genes. However, the differential expression of the components of the Notch pathway in VPCs and MPCs suggests that the fate of each PC pool is defined partly by a distinct set of genes. Activation of Notch and Wnt modulates cardiomyogenesis in the embryonic and postnatal heart (9, 14) . Some of the genes involved in lineage specification of cardiac PCs into myocytes and vascular cells were expressed preferentially in MPCs and VPCs, respectively. This may reflect the restriction in developmental options that occurs in tissue-specific adult PCs.
A critical question concerns whether these PC categories originate, live, and die within the heart or whether the bone marrow replenishes the coronary vasculature and the myocardium with undifferentiated cells. In vascular and myocardial niches, the pool size of VPCs and MPCs may be preserved by migration of PCs from the bone marrow, asymmetric division of resident PCs within vascular and myocardial niches, or both. The documentation that VPCs and MPCs divide symmetrically and asymmetrically in vitro and in vivo (11) suggests that the need for the contribution of bone marrow PCs to cardiac homeostasis in humans may not be essential. The involvement of the bone marrow in human cardiac chimerism has been claimed (15) , but the degree of chimerism in cardiac allograft and in the hearts of patients who received allogeneic bone marrow transplantation differs significantly, being much higher in the transplanted heart (16) . With parabiosis, in the absence of myocardial damage, circulating bone marrow PCs do not home to the heart (17). Collectively, these observations indicate that in the human heart the PC compartment is regulated largely by intrinsic cellular mechanisms, although extrinsic cellular processes may participate in cardiac repair after injury.
The treatment of coronary artery disease has improved dramatically in recent years. However, morbidity and mortality for ischemic cardiomyopathy continue to increase and parallel the extension in lifespan of the population, pointing to aging as the major risk factor of human heart failure. Bypass surgery and catheter-based reinstitution of CBF have been introduced successfully, but these interventions correct only in part the vascular defects and are limited by the number of surgical grafts, the possibility of restenosis, and the complexity of reintervention (18) . These variables underscore the need for the development of new strategies for the management of coronary atherosclerosis in humans.
In the current study we have identified and characterized a resident human VPC that can form large conductive coronary arteries and their distal branches, correcting, at least in part, alterations in blood flow created by prolonged coronary constriction in chronically instrumented conscious dogs. Cell therapy with the generation of coronary vessels by human bone marrow PCs has been obtained previously, but this has been restricted to capillary profiles and occasionally small resistance arterioles, which enhance tissue oxygenation but have little impact on flow regulation. Restriction in myocardial perfusion mediated by stenosis of a major epicardial coronary artery was treated by the delivery of human VPCs, which differentiated into ECs and SMCs organized in coronary vessels up to 1.5 mm in luminal diameter. The VPCs did not integrate in preexisting nonfunctional collateral vessels, contributing to their maturation in working vascular structures. The newly formed conductive arteries were made exclusively of human SMCs and ECs, which were the progeny of the injected PCs. The human origin of the regenerated vessels was also apparent in the other segments of the newly formed coronary vasculature. From a clinical perspective, regeneration of large conductive arteries may require the local administration of VPCs, whereas intracoronary and intramyocardial injection of MPCs may be equally effective in promoting myocyte regeneration. Caution has to be exercised in the interpretation of our data, because the long-term outcome of this type of cell therapy remains unknown.
Materials and Methods
Myocardial specimens from 12 patients were studied. Two classes of PCs were isolated, characterized, and studied in vitro and in vivo. See SI Materials and Methods in SI Appendix.
